INTRODUCTION
Non-alcoholic fatty liver disease (NAFLD) is a leading cause of chronic liver failure in the United States, and it's incidence is expected to increase in the near future 1 . One third of the US population, and a majority of obese individuals develop non-alcoholic fatty liver (NAFL) or bland steatosis; a benign condition characterized by triglyceride deposition in hepatocytes 2 . Although asymptomatic, nearly twenty percent of individuals with NAFL progress to nonalcoholic steatohepatitis (NASH), and fifteen percent of NASH patients develop cirrhosis 2 . In addition, NASH patients are at a higher risk for developing hepatocellular carcinoma. 3 Despite the growing incidence of NAFLD-related chronic liver disease, the lack of clarity in the mechanisms of NASH pathogenesis has hindered our ability to develop effective biomarkers as well as therapies for more severe forms of NAFLD. One major barrier to achieving this goal is the lack of a suitable murine model, which faithfully recapitulates human NASH.
Several recent clinical studies have highlighted the potential role for compromised intestinal epithelial permeability in NASH pathogenesis [3] [4] [5] . In both human and animal NASH models, increased intestinal epithelial permeability correlates with increased serum endotoxin 6, 7 ; a potent inducer of hepatic inflammation 8 . Furthermore, increased intestinal epithelial permeability and small intestinal bacterial overgrowth (SIBO) are two frequently observed features of human NASH and NASH-related cirrhosis 3 . However, it is not clear whether intestinal epithelial barrier dysfunction is a cause or consequence of chronic systemic inflammation observed in NASH patients.
Here, we interrogated the role of intestinal epithelial permeability in NAFLD progression using junctional adhesion molecule A (JAM-A) knockout mice (F11r −/− ) that have a basal defect in the intestinal epithelial barrier 9 . JAM-A is a component of the tight junction (TJ) complex that regulates intestinal epithelial paracellular permeability [9] [10] [11] . Previous studies have demonstrated that F11r −/− mice have leaky TJs that allow for translocation of gut bacteria to peripheral organs 9, 12, 13 . Interestingly, these mice do not develop spontaneous colitis when fed a normal diet, rendering them useful for studying the effect of a Western diet in NAFLD progression. Here we demonstrate a critical role for intestinal epithelial permeability in NASH pathogenesis and our findings underscore the complex interplay between diet, intestinal epithelial barrier and gut microbial composition in driving NAFLD progression.
METHODS
Mice C57BL/6 (control) mice were purchased from The Jackson Laboratory and F11r −/− mice were originally a gift from T. Sato, Cornell University, New York, NY. F11r −/− mice were generated as previously described 14 and were backcrossed to C57BL/6 mice for seven generations. The intestine specific JAM-A KO mice, Villin Cre F11r FL/FL were obtained by crossing Villin Cre mice with F11r FL/FL mice. C57BL/6, F11r −/− , F11r FL/FL and Villin Cre F11r FL/FL mice were bred and maintained at Emory University Division of Animal Resources. All animal studies were approved by Institutional Animal Care and Use Committee.
NAFLD diet
To induce NAFLD, 5-6 week-old male control and F11r −/− mice were fed a high fat, high fructose and high cholesterol diet (HFCD) ad libitum for 8 weeks. The diet consisted of 0.2% cholesterol, 20% protein, 43% CHO and 23% fat (6.6% trans-fat) (TD.120330; Harlan Laboratories) 15, 16 . Additionally, 2.31% fructose was provided in drinking water. The normal diet is the standard mouse chow that contains 16% protein, 61% carbohydrate and 7.2% fat. The F11r FL/FL and Villin Cre F11r FL/FL mice were fed HFCD containing 2.31% fructose (TD.130885; Harlan Laboratories) to eliminate the need of supplementing drinking water with fructose.
Microbiota depletion
For antibiotic treatment, mice were given a combination of ampicillin (1gm/L), vancomycin (500mg/L), neomycin sulfate (1g/L) and metronidazole (1g/L) for 8 weeks in drinking water.
In vivo permeability assay
Intestinal permeability was assessed by in vivo FITC-dextran (FD4; Sigma-Aldrich) permeability assay as described previously 17 . Mice fasted for 4 h were gavaged with 0.6 mg/g body weight FITC-dextran (4 KDa) solution and blood was collected by submandibular bleeding after 3 h. Fluorescence intensity in the serum was measured using Fluorescence Spectrophotometer (Synergy 2, Biotek, Winooski, VT). FITC-dextran concentrations were determined from a standard curve generated by serial dilutions of FITCdextran.
16S rRNA pyrosequencing of luminal microbiota-For high-throughput 16S rRNA gene sequencing, control and F11r −/− mice were initially co-housed for 5 weeks to ensure uniformity of intestinal microbiota 18 prior to dietary intervention. Subsequently, control and F11r −/− mice were housed separately during the 8 weeks feeding period. At necropsy, cecum content was collected from all mouse cohorts and total DNA was extracted using a PowerSoil DNA isolation kit (MoBio Laboratories, Carlsbad, CA). The 16S rRNA genes were PCR amplified using Hot Master PCR mix (5Prime, Gaithersburg, MD) and 515F/ 806R primer pairs targeting V4 region of the 16S rRNA gene 19 . The sequence of the forward and the reverse primers consisted of, 515f: 5′-AATGATACGGCGACCACCGAGATCTACACTATGGTAATTGTGTGCCAGCMGCCGC GGTAA-3′ and 806r: 5′-CAAGCAGAAGACGGCATACGAGATXXXXXXXXXXXXAGTCAGTCAGCCGGACTA CHVGGGTWTCTAAT-3′ respectively. Each reverse primer has a unique multiplex identifier barcode consisting of 12 bp Golay error correcting barcode, designated as XXXXXXXXXXXX, used to identify each sample in the multiplex sequencing run. The reaction conditions were 95°C for 2 min followed by 35 cycles of 95°C for 1 min, 55°C for 1 min, and 72°C for 90 s. Three independent PCRs per sample were purified with Ampure magnetic purification beads (Agencourt, Beverly, MA), pooled, and were sequenced using an Illumina Miseq Sequencing platform at the Emory Integrated Genomics Core (EIGC). Detailed protocols for bacterial 16S rRNA gene amplification and sequencing can be found at the website of Earth Microbiome Project (http://www.earthmicrobiome.org/emp-standardprotocols/) 20, 21 .
16S rRNA sequence analysis
Paired-end 16S rRNA-V4 region sequencing data were subjected to Quantitative Insights Into Microbial Ecology (QIIME) analysis pipeline 22 . Default QIIME parameters and workflow scripts were used to process raw data, normalization, clustering, taxonomic classification and visualization as described previously 22 . The unweighted UniFrac distances between samples were calculated using 27,000-30,000 sequences per sample 23 . The variation between experimental group (beta diversity) was assessed by principal coordinates analysis (PCoA) plots, and jack-knifed beta diversity was used to estimate the uncertainty in PCoA plots. Alpha diversity curves were calculated based on the number of observed species, and the Shannon diversity index was used to characterize species diversity in a community.
Statistical analysis
Statistical differences were analyzed by Student's t-test or ANOVA and post hoc analysis for multiple group comparison. A p value < 0.05 was considered statistically significant. Except for the human data, all animal experiments were repeated at least two times on two separate occasions.
RESULTS

F11r −/− mice fed a HFCD develop severe histologic features of NASH including markers of hepatic fibrosis
To induce NAFLD, F11r −/− and control littermates were fed a HFCD for 8 weeks; F11r −/− and control mice fed a normal diet served as controls. While consumption of HFCD resulted in modest NAFL-related histologic findings in control mice, F11r −/− mice developed severe histologic features of NASH including ballooning degeneration of hepatocytes, inflammatory cell infiltration, and extensive pericentral, periportal, and sinusoidal fibrosis ( Fig. 1A , B, F; Supp. Fig 1A, B ). As shown in Fig. 1B , Supp. Fig 1B, hepatic fibrosis, as assessed by Sirius Red stain, in HFCD-fed F11r −/− mice was not only enhanced in the perivascular region, but was also evident in the pericellular fibers. To corroborate specificity of Sirius Red staining, we also performed immunohistochemistry for alpha smooth muscle actin (αSMA), a key hepatic stellate cell (HSC) activation marker 24 . Activated HSCs, or myofibroblasts, are well-established markers of both pericellular and perivascular fibrogenesis following liver injury 24, 25 . As observed in Fig 1C, intense immunohistochemical stain for αSMA was indicative of increased HSC activation. Additionally, the transcript levels of αSMA, as well as transcripts of key molecules associated with hepatic fibrogenesis were also significantly increased in the livers of HCFDfed F11r −/− mice; transforming growth factor β 1 (TGFβ 1 ), tissue inhibitor of metalloproteinase 1 (TIMP-1), and collagen 1, [α 1 (I) and α 2 (I)] ( Fig. 1E ; Supp Fig. 1D , E). NASH-CRN scores were also significantly higher in HFCD-fed F11r −/− mice than in HFCDfed controls (Fig. 1D ). Furthermore, serum aspartate aminotransferase (AST) and alanine aminotransferase (ALT) concentrations were also significantly higher in HFCD-fed F11r −/− mice, compared with controls ( Fig. 1D ). In contrast, liver histopathology, serum biochemical parameters of NASH, and molecular markers of fibrosis did not significantly differ between normal diet-fed control and F11r −/− mice ( Fig. 1 ; Supp. Figs. 1). Interestingly, despite the rapid development of NASH in F11r −/− mice and only bland steatosis in the control mice fed a HCFD, no significant differences were observed with respect to metabolic parameters including body weight, liver weight/body weight ratio and glucose homeostasis ( Fig. 2A-D) . Additionally, expression of genes involved in de novo lipogenesis and β-oxidation, and hepatic triglyceride levels were also not significantly different between HFCD-fed control and F11r −/− mice (Supp. Fig. 2A -E).
To verify that the severity of NASH in HFCD-fed F11r −/− mice was not due to global deletion of JAM-A protein in the liver or in the neutrophils, intestine-specific JAM-A deficient mice, Villin Cre F11r FL/FL were fed a HFCD for 8 weeks. As seen in Supp. 
HFCD exacerbates intestinal epithelial permeability in F11r −/− mice allowing increased bacterial translocation
The excessive hepatic inflammation in F11r −/− mice in the setting of an impaired intestinal epithelial barrier prompted us to determine whether HFCD consumption resulted in increased translocation of gut-associated microbial products. We measured intestinal epithelial permeability with an in vivo FITC-dextran permeability assay, and used serum lipopolysaccharide (LPS) concentrations as an indicator of increased microbial product translocation. Consistent with previous reports 12 , the dextran flux was 3-fold higher in normal diet-fed F11r −/− mice, compared with control mice, confirming a basal defect in intestinal epithelial barrier function in the absence of JAM-A ( Fig. 4A) 9, 12 . Interestingly, dextran flux significantly increased in HFCD-fed F11r −/− mice, compared with normal dietfed F11r −/− mice, indicating that consumption of HFCD was responsible for further deterioration of intestinal epithelial barrier function ( Fig. 4A ) and was essential for NASH development in F11r −/− mice. We also observed a two-fold increase in serum LPS in HFCDfed F11r −/− mice, compared with HFCD-fed control mice, suggesting heightened translocation of gut microbial products ( Fig. 4B ). Importantly, we failed to observe significant differences in intestinal epithelial permeability measurements or serum LPS concentrations in the control mice fed a normal diet or control mice fed a HFCD ( Fig. 4A-B ). Thus, in addition to demonstrating a role for gut microbial products in NASH pathogenesis, these results provide an explanation as to why short-term dietary manipulation is insufficient to induce NASH development in murine models.
HFCD enhances intestinal epithelial permeability by disrupting TJ assembly in F11r −/− mice
To ascertain whether diet-was responsible for an increase in the intestinal epithelial permeability in F11r −/− mice, we performed studies to examine whether dietary manipulation resulted in further disruption of TJs. Colonic expression and distribution of the TJ protein occludin was determined by immunofluorescence microscopy. As shown in Fig.  4C , occludin expression was significantly reduced in HFCD-fed F11r −/− mice, compared with HFCD-fed control mice. However, no significant difference in occludin expression was observed between control and F11r −/− mice fed a normal diet (Supp. Fig. 6B ). Further analyses revealed significantly higher expression of occludin and claudin-4 transcripts in the colonic mucosa of normal diet-fed F11r −/− mice than the control mice suggesting a possible compensatory mechanism to maintain intestinal epithelial barrier function in the absence of JAM-A ( Fig. 4D ). HFCD significantly reduced occludin and claudin-4 expression in F11r −/− mice, compared with normal diet-fed mice, however transcript levels were not significantly different from control mice. In the control mice, except for claudin-4 expression, which is lower in HFCD-fed mice, no significant differences in occludin and JAM-A expression was observed between normal diet-and HFCD-fed mice (Fig. 4D) . In contrast to the colonic TJ proteins, no significant differences in occludin and claudin-4 expression were observed in the ileum of control and F11r −/− mice fed either a HFCD or a normal diet (Supp. Fig. 7A -C). In addition to TJ disruption, severe mucosal inflammation was noted in F11r −/− mice fed a HFCD evidenced by increased number of immune cell infiltrates and myeloperoxidase (MPO) activity in the colonic mucosa ( Fig. 4E-F; Supp. Fig. 6A, C) . Together, these data provide evidence that diet-induced exacerbation of mucosal inflammation and intestinal epithelial barrier disruption increases the likelihood of translocation of microbial products in HFCD-fed F11r −/− mice.
NAFLD patients have decreased JAM-A expression in the colonic mucosa
To investigate whether our findings have potential significance in human NASH, biopsies obtained from proximal colon of 30 patients with NAFLD and 19 subjects without NAFLD (controls) undergoing surveillance colonoscopy were examined for JAM-A protein expression by quantitative reverse transcription PCR (RT-qPCR) and by Western Blot. Patients were considered to have NAFLD if they had a body mass index (BMI) ≥25 kg/m 2 , elevated serum AST and ALT levels, and had a right upper quadrant ultrasound (RUQ US) that was consistent with hepatic steatosis (Supp. Fig. 8B-C) . Since liver biopsies were not obtained, we did not classify patients as specifically having NASH, and therefore collectively termed the study cohort as NAFLD. We defined controls as those subjects having BMI <25 kg/m 2 , normal serum ALT levels (≤40 U/L), and a negative liver US. As seen in Supp. Fig. 8D -F, both protein and transcript levels of JAM-A were significantly lower in the intestinal mucosa of NAFLD patients, compared with controls. Interestingly, decreased JAM-A expression in the intestinal mucosa correlated with increased mucosal inflammation in NAFLD patients as revealed by increased infiltration of immune cells in the mucosa (Supp. Fig. 8G ). Together these data suggest that JAM-A may play a role in the pathogenesis of human NASH.
Rapid NAFLD progression in F11r −/− mice correlates with diet-mediated alteration in gut microbiota
Alterations in gut microbiota play a prominent role in obesity, NAFLD and colitis [26] [27] [28] [29] [30] [31] . Therefore, to determine the effect of HFCD on gut microbiota in F11r −/− mice, the luminal microbiota was analyzed using 16s rRNA sequencing followed by phylogenetic analysis, and a comparison of the microbial community structure using the unweighted UniFrac algorithm. As seen in Fig 5A-E , the luminal microbial composition of normal diet-fed control and F11r −/− mice matched that of lean mice; a microbial composition consisting of an increased abundance of bacteria belonging to the phylum Bacteroidetes and reduced abundance of Firmicutes and Proteobacteria [26] [27] [28] . As expected, HFCD consumption resulted in decreased gut microbial diversity in both control and F11r −/− mice (Fig. 5A, B) . HFCD consumption increased abundance of Proteobacteria and Firmicutes and reduced abundance of Bacteroidetes in the luminal content of control and F11r −/− mice ( Fig. 5C-E) ; a gut microbial composition associated with obesity and colitis 26, [29] [30] [31] . However, compared with control mice, the abundance of Firmicutes and Proteobacteria were significantly higher in the luminal content of HFCD-fed F11r −/− mice (Fig. 5C ). Additional microbial analysis of HFCD-fed F11r −/− flora revealed a significant increase in Desulfovibrionaceae, a bacterial taxa associated with colitis 32 , and a significant decrease in Akkermansia, an antiobesogenic, anti-inflammatory bacterial taxa [32] [33] [34] , in HFCD-fed F11r −/− mice, compared with controls (Supp. Table 1 ). Taken together, these results suggest that in the context of a defective intestinal epithelial barrier, HFCD-induced an abundance of pro-inflammatory pathobionts, which appear to have contributed to rapid NASH development in F11r −/− mice.
Depletion of gut microbiota or sequestration of intestinal LPS improves NASH histopathology and metabolic parameters in HFCD-fed control and F11r −/− mice
To corroborate the role of gut microbial translocation, or microbial product transfer in NAFLD progression, gut microbiota were depleted first using a combination of broadspectrum antibiotics. Depletion of microbiota protected F11r −/− mice from diet-induced NASH as indicated by a marked decrease in hepatic steatosis, inflammation and fibrosis ( Fig. 6A-C; Supp. Figs. 9 and 10 ). As anticipated, antibiotic treatment significantly reduced body weight, liver/body weight ratio, and visceral fat/body weight ratio, and improved glucose homeostasis in both control and F11r −/− mice fed a HFCD (Fig. 6D-F) . Antibiotic treatment also significantly lowered serum ALT and LPS levels, and reduced mucosal inflammation in control and F11r −/− mice fed a HFCD ( Fig. 6C; Supp. Fig. 11 ) suggesting a role of gut microbiota in diet-mediated mucosal inflammation.
Sequestration of intestinal LPS by sevelamer hydrochloride treatment attenuates hepatic steatosis and inflammation in HFCD-fed F11r −/− mice
Sevelamer hydrochloride is an FDA-approved phosphate binding non-absorbent polymer regularly used for the treatment of hyperphosphatemia in patients with chronic renal failure 35, 36 . Sevelamer has been demonstrated to bind LPS and plays a potential role in reducing inflammation 37, 38 . Therefore we postulated that sevelamer could lower LPS levels in our model and would likely attenuate NASH in HFCD-fed F11r −/− mice. As seen in Supp. Fig 12A, sevelamer treatment significantly reduced serum LPS levels, and more importantly, nearly eliminated NASH in HFCD-fed F11r −/− mice (Supp. Fig. 12D ). These findings were further corroborated by decreased serum ALT levels in sevelamer treated mice (Supp. Fig.  12B ). Of note, sevelamer-treated mice gained significantly less body weight, and were resistant to HFCD-induced glucose intolerance and insulin resistance (Supp. Fig. 12C , E-F). Collectively, these data demonstrate a central role for translocated gut microbial products in driving NAFLD progression in HFCD-fed F11r −/− mice.
DISCUSSION
In the current study, we provide experimental evidence that intestinal epithelial barrier function plays a major role in NAFLD progression. The HFCD-fed F11r −/− model overcomes key limitations that have hindered reliable induction of NASH along with typical features of Metabolic Syndrome (MetS) in murine models even after long-term feeding. To date, investigators have struggled to reliably replicate MetS and typical features of human NASH in murine liver, including substantial evidence for hepatic inflammation and fibrosis. The methionine-choline deficient (MCD) diet is the only major model that hastens robust hepatic inflammation and fibrosis, however MCD diet-fed mice do not develop MetS. Prolonged diets high in saturated fat, fructose, and cholesterol do induce MetS, but normally result in the development of bland steatosis or mild NASH 15, 39 We demonstrate that the HFCD-fed F11r −/− model combats the drawbacks of currently utilized rodent NASH models by combining features of MetS, hepatic inflammation, and fibrosis. Furthermore, the data reported here were generated after 8 weeks of feeding in F11r −/− mice compared to significantly longer feeding periods currently used. Hence this model is highly compelling for additional studies to gain mechanistic insights into the natural history of NAFLD progression. Since JAM-A is a critical, but ubiquitous protein in various organs and leukocytes, the identical findings of NASH in HFCD-fed Villin Cre F11r Fl/Fl mice as in the global KO mice, F11r −/− mice, confirms that intestinal deficiency of JAM-A, and not hepatic JAM-A deficiency, is responsible for the phenotype which develops following HFCD feeding.
NASH in humans is a multi-factorial disease of complex etiology. Our work supports the hypothesis that 'you are what you eat', however, the collective data raise important questions about the sequence of events leading to NAFLD progression. While dietary components, and by extension, dysbiosis, play a critical role in setting the stage for NASH; multiple nondietary factors resulting in hepatic inflammation, as demonstrated here, are crucial for NAFLD progression [40] [41] [42] . There is compelling evidence linking elevated levels of serum endotoxin to intestinal epithelial permeability and hepatic inflammation in NAFLD progression 3, 6, 8, [43] [44] [45] [46] .
However, whether intestinal epithelial permeability to gut microbial endotoxin represents a cause, or a consequence of diet-induced dysbiosis has not clearly been delineated. In this regard, the present findings significantly advance our understanding of the gut-liver axis in NASH progression. Our results demonstrate that the mice fed a HCFD developed MetS; however, only the F11r −/− mice with a basal defect in intestinal epithelial barrier function developed significant NASH. Only F11r −/− mice had elevated serum endotoxin levels, which were further elevated by the HFCD. The HFCD-induced increase in the intestinal epithelial permeability in F11r −/− mice provides a direct relationship between gut permeability and serum endotoxin levels. However, apart from endotoxins, increased intestinal epithelial permeability could permit enhanced translocation of a multitude of gut microbial products (PAMPs) that we did not explore in the present study. Nonetheless, our data demonstrate robust hepatic inflammation along with significant transcriptional activation of bacterial TLRs suggesting the involvement of additional gut microbial products beside endotoxin. The depletion of gut microbiota by antibiotic treatment or sequestration of LPS by sevelamer administration reduced hepatic inflammation and abolished aggressive NASH further confirming a major role for gut microbial products in driving hepatic inflammation. These results provide significant mechanisms related to newfound interest in the gut-liver axis in NASH by demonstrating that in the context of defective intestinal epithelial barrier function, HFCD-induced increase in intestinal epithelial permeability allows for increased translocation of gut microbial products, which drive hepatic inflammation in NASH. The effectiveness of sevelamer is considerable, and future work to understand the exact mechanisms of action should be forthcoming.
The intestinal epithelium serves as a barrier to prevent intestinal microbiota and microbial products from entering the systemic circulation 47 . Three intercellular protein complexes namely tight junction, adherens junction, and desmosomes connect epithelial cells with each other to form this selectively permeable epithelial barrier 48 . Previous studies have shown that mice deficient in JAM-A protein, a component of the tight junction complex, which maintains normal intestinal epithelial paracellular permeability, suffer from increased intestinal epithelial permeability due to a defective tight junction complex 9 . Strikingly, as observed here, F11r −/− mice fed a standard mouse chow do not develop spontaneous hepatitis, nor have they been reported to develop spontaneous colitis 9 ; a phenomenon supported by induction of compensatory mechanisms to curb excessive mucosal inflammation in these mice 12 . Our results suggest that under HFCD-fed conditions, this protective mechanism fails resulting in increased mucosal inflammation, which further aggravates TJ disruption as evidenced by redistribution of the TJ protein, occludin, and increased permeability to dextran. Taken together, our work demonstrates a critical role for intestinal epithelial permeability in NASH progression, and underscores the complex role of diet in regulating gut homeostasis, inflammation, and liver health. In the light of our data showing decreased JAM-A in colonic biopsies from NAFLD patients, we speculate that genetic or epigenetic vulnerability in proteins regulating intestinal epithelial barrier integrity may predispose to NAFLD progression in humans. Alternatively, baseline SNPs in such proteins could render normal structure-function relationships at greater risk from harmful host-bacterial interactions resulting from dysbiosis.
Accumulating evidence points to the role of HFCD in altering microbial composition, which in turn profoundly influences intestinal permeability, inflammation, and metabolic complications associated with obesity 27, 49 . We have identified a number of pro and antiinflammatory bacterial taxa that were differentially represented in HFCD-fed control and F11r −/− mice. HFCD induced a proinflammatory, procolitogenic microbiota in F11r −/− mice characterized by a decrease in Bacteroidetes but an increase in Firmicutes and Proteobacteria; a microbial composition associated with obesity 26, 50 mucosal inflammation 29 and NASH 51 . Interestingly, HFCD also increased Desulfovibrionaceae, a bacterial taxa associated with colitis 32 , but decreased Akkermansia, an anti-obesogenic, antiinflammatory bacterial taxa [32] [33] [34] . Thus, these data point to a pivotal role played by impaired intestinal epithelial permeability in promoting an abundance of inflammatory microbial taxa under HFCD-fed conditions, which was unique only to F11r −/− mice. These observations provide impetus for further research to dissect the respective contributions of inflammatory gut microbial taxa in NASH progression as well as to focus on the various components of the intestinal epithelial barrier that, if impaired, may increase host susceptibility to NAFLD progression.
In summary, we have developed a dietary model of NASH, which not only recapitulates key features of MetS, but also mimics hepatic inflammation and fibrosis observed in human NASH. Our data demonstrate that defective intestinal epithelial barrier, dysbiosis, and the associated activation of the innate immune system by increased translocation of gut microbial products are all risk factors associated with NAFLD progression. In the F11r −/− mice, HFCD provided a superimposing 'hit' driving a pro-inflammatory gut microbial composition, which exacerbated gut permeability. In turn, enhanced gut leakiness resulted in microbial product translocation, which induced hepatic inflammation and injury ultimately resulting in the progression of NAFLD to NASH (Fig. 7) . The present findings strongly warrant consideration of therapies targeting intestinal epithelial barrier, dysbiosis, innate immune function, or a combination thereof to significantly slow or halt NAFLD progression. Proposed model highlights how diet mediated changes in the intestinal epithelial permeability and microbial dysbiosis result in the translocation of gut microbial products that drive hepatic inflammation and fibrosis in NASH. HFCD, high fat, high fructose and high cholesterol diet; PAMP, pathogen associated molecular patterns; NAFL, non-alcoholic fatty liver; HSC, hepatic stellate cells; NASH, non-alcoholic steatohepatitis.
